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| NTRODUCTI ON

Ti mber harvesting is a major | and managenent practice that
can affect hillslope stability. Erosion resulting fromtinber
harvesting activities can increase sedinment yields 4 to 78 tines
that of natural forest conditions (Megahan and others, 1978;

Bi shop and Stevens, 1964; Morrison, 1975). Erosion and sedi nent
production can have long-terminpacts on tinber site
productivity, fish habitat, reservoir storage capacity, and
donestic water supplies (Reid and Dunne, 1984; Brown, 1975).
Wth these concerns in mnd, the California Departnent of
Forestry and Fire Protection (CDF) contracted with the
Departnment of Conservation's Division of Mnes and Geol ogy (DMG)
to develop a sem -quantitative nmethod to delineate those
forested wat ersheds which are nost susceptible to erosi on when
hill sl opes are disturbed by tinber harvest operations.

Intrinsic erosion potential was nodel ed on private and
stat e-owned commercial tinberlands regul ated by CDF. The goal
was to select the nost significant factors controlling erosion
that could be delineated consistently over |arge areas. The
effects of forest |and managenent on erosion vary spatially
because of differences in clinate, geologic nmaterials,
veget ati ve cover, and topography. Therefore all areas are not
equal ly sensitive to a particular forest practice.

A Geographic Information System (G S) nodel was devel oped
to prioritize the relative susceptibility of forested watersheds
to erosion. A conbination of the nost significant geonorphic
factors which contribute to the driving and resisting forces
controlling | andscape denudation -- material strength, slope,
and precipitation -- were used to delineate areas nost prone to
i ncreases in sedinent yield.

Most erosion and sedi nmentation studi es heretofore have

been limted to the evaluation of |ocal conditions at individua



harvest sites or within small hydrol ogi ¢ basins (Sonmarstrom and
ot hers, 1990; California Departnent of Water Resources, 1979;

Kel sey, 1977). In contrast this study is a regional evaluation
of erosion potential based on sem-quantitative anal yses.

The purpose of the investigation was to develop a
guantitative nethod for ranking erosion risks based on avail abl e
geonor phi ¢ data and check this system agai nst the experience of
field personnel. The study consisted of two parts: 1)
devel opment of a G S based nodel derived fromthe physica
properties within 530 desi gnated watersheds on private and
stat e-owned comercial tinberlands in California. The details of
this system are di scussed bel ow, and 2) preparation and
di stribution of a questionnaire requesting information on
suspected highly erodi bl e wat ersheds. The questionnaire was
conpl eted by CDF Forest Practice |Inspectors; engineering
geol ogi sts with the DM5 Ti nber Harvesting Pl an Revi ew Project;
earth science professionals involved with review ng Ti nber
Harvesting Plans with the Regional Water Quality Control Board
(RMXB); and wildlife biologists with the California Departnent
of Fish and Gane (CDFGQ involved with evaluating Tinber
Harvesting Pl ans. The wat ersheds identified
fromthe questionnaire and review of existing data were cross

checked with the information developed in the G S nodel .

MODEL | NPUT

Sel ecti on of Geonorphic Vari abl es

The principal factors that have been shown to contribute
to erosion in forested terrane are sl ope steepness, horizontal
concavity, high groundwater, cohesionless soils, and weak
bedrock (Durgin and ot hers, 1989; Lewis and Rice, 1989; Peters
and Litwin, 1983; Canpbell, 1975). A total of 23 erosion-
contributing variables were explored for potential use in the



nodel during the design of this study. These include soi
consolidation, soil perneability, soil depth, soil plasticity,
col l uvium depth, presence of surficial deposits, geol ogy,
vegetation, slope, slope |ength, slope aspect, |and use,
rainfall intensity, rainfall duration, seasonality of rainfall
tenperature, |andscape maturity dissection density, dissection
depth, horizontal curvature, streaminner gorges, ground water
tabl e depth, and areas of potential rain-on-snow.

Sone factors, such as changes in vegetation, areas and
dates of | and-use inpact, rainfall duration, and rain-on-snow
events are difficult to depict in map formdue to their tenpora
variability. Many other of the above factors are not easily
depicted in map form at regi onal scales, such as inner gorge
devel opnent, stream di ssection density and depth, ground water
table levels, and horizontal curvature. Because all the areas
in this study were forested, variability in vegetation type was
considered to be mnimal in ternms of providing significant
di fferences in ground coverage. Therefore, the project focuses
on regionally consistent and avail able information over the
entire study area. This includes geology (with the
susceptibility of each geologic unit to |andslide, debris slide,
or surface erosion processes), slope steepness, and rainfall
intensity (including nmean-annual, 12-hour, and 2-hour
precipitation).

Appr oxi matel y 530 wat er sheds t hroughout northern
Cal i fornia, each about 20,000 hectares, were evaluated in this
study. Each watershed contains at |east 25%private or state-
owned comrercial tinberland. In each watershed, the physical
attributes of slope, precipitation, and |lithol ogic
susceptibility to failure, were stratified into | ow, noderate,
and high categories based on the relative contribution of that

factor to erosion potential. These data |ayers were entered as



separate digital coverages in an ARC/ | NFO- based 3 S. Rated

pol ygons were area-wei ghted and additionally conbined for each
hydrol ogi ¢ basin. Al though the rel ationships between these
geonor phic factors no doubt are conplex and non-linear, a sinple
linear additive relationship was used to conbi ne data sets. The
hi ghly generalized nature of the input data, the averagi ng of
data over watershed areas, and the |ack of established
enpirical -rel ationshi ps between the data cause the use of
conplex algorithns to give an inproper inpression of precision.
The use of the additive data conbi nati on produces an array of
ranked wat er sheds depicting those basins

whi ch are theoretically nost susceptible to accel erated
hill sl ope degradati on. Separate erosion-potential maps were
generated for three general types of hillslope erosion:

| andsl i de, debris slide, and surface erosion.

Study Limtations

Any perturbation to a hillslope systemmay result in
either a large or small erosional response depending on the
bal ance of opposing tendenci es preexisting at the site. For
exanple, a hillslope my be steep and nmay be underlain by easily
erodi bl e regolith, but previous evacuation of material fromthe
sl ope may have left little naterial available for transport
(Figure 1). Simlarly, an area of gentle slope nay be deeply
weat her ed and have excess nmaterial for transport, but |and use
practices may incur little erosion because the slope is gentle.
Thus there is a conplex interaction of nultiple geonorphic
vari abl es which are in a constant state of apparent bal ance.
This concept was summari zed by Hack (1960), "A | andscape is an
open systemwhich is in a steady state of balance with every

sl ope and every formadjusted to every other." The | arge nunber

of geonorphic variables controlling the evolution of a natural



| andscape creates a systemwhich is difficult, if not inpossible
to evaluate enpirically (Leopold and Langbein, 1962; Shreve,
1966, 1975; Smart, 1968, 1972). It is also difficult to predict
how cl ose a | andscape is to a threshold condition before system
di sturbance (Bull, 1991).

For these reasons there are no established quantitative
rel ati onshi ps between the factors controlling erosion. Although
it isdifficult to predict the response of a systemto a change
in land use, many scientists have noted qualitative cause and
effect relationships. For instance a di sturbance to a sl ope of
noder at e steepness on a specific geologic unit will tend to have
accel erated erosion. Thus, an essentially qualitative nodel
based largely on the field experience of nunmerous geol ogi sts and
ot her resource specialists has been devel oped. The desi gn and
conponent input of the nodel is therefore limted to that of a

highly sinmplistic and qualitative conceptual nodel

Dat a Preparati on

WAt er shed Boundari es

Approxi mately 530 wat ersheds, each about 20,000 hectares,
wer e subdi vi ded from preexi sting sub-basins defined by the
Hydr ol ogi ¢ Basin Pl anning Areas of the RAMXB (1986). Land
owner shi p maps were conbined with forest coverage maps conpil ed
by the CDOF in order to define areas of private or state
ownership with comrercial tinmber. Only watersheds containing 25%
or nore private or state-owned conmercial tinberland were
selected for this study. Tierra Data Systens provided G S
coverage of the 20,000 hectare watersheds used in this study.
Previ ously existing watershed boundari es were used where
possi bl e, causing many wat ersheds to be adm nistratively
defined. Therefore, watershed boundaries are inconsistently

represented across the region and do not always reflect



i ndi vi dual hydrol ogi ¢ basins. Such watershed boundaries should
not be used for scientific analysis; however, if aggregated into
Hydr ol ogi ¢ Sub-Basin Areas as defined by the RAMXCB (1986),

conpl ete hydrol ogi ¢ basins are represented.

Sl ope

A digital slope map was produced for northern California
using a derivative of a 3-arc second raster data set that was
devel oped for the United States by the Arny Map Service (now
Def ense Mappi ng Agency). The original data set was resanpled to
150 X 150m pi xel resolution by the U S. Geol ogical Survey (USGS)
in Flagstaff, Arizona. This digital elevation nodel (DEM was
projected to a Lanbert Conformable Conic projection with a
central neridian of 1190 Wl ongitude. Al though this data was
carefully edited by the USGS, it retains nunerous scanni ng
artifacts contained within the original 3-arc second dat a.

To eval uate the accuracy of DEM sl opes, slopes from
sel ected | ocations were conpared from neasurenents made in the
field on topographic maps and fromdigital data with a 150m
pi xel resolution. These conpari sons show t hat:

1. Field neasurenments are difficult to correlate
accurately to topographic maps due to the conpl ex
m cr ot opography in the field.

2. Although a conparison of digital slope neasurenents
wi th topographic slopes shows a discrepancy at individual sites,
a consistent relationship exists between digital slopes and
t opogr aphi c sl opes when digital slopes are averaged over an
entire drai nage basin.

3. Digital slopes fromrandom |l ocations are up to 7%to
10% | ower on average than topographic slopes (Figure 3).

4. Sl opes are calculated in eight directions surrounding a

central elevation. The steepest slope is assigned to a 150 Xx



150m pixel. This tie-limted spatial resolution of the digita
sl ope cal cul ati ons cause sl opes | ess than about 300m in

length to be neasured inaccurately (Figure 4).

Geol ogy

Qualitative evaluations of geologic material strength were
devel oped from personal interviews with 21 professiona
geol ogi sts who have extensive experience with erosion in tinber
harvest areas in northern California (Table 1). The geol ogi sts
were asked to classify the geologic units with which they were
nost famliar in terns of susceptibility to 1) |andsliding, 2)
debris sliding, and 3) surface erosion. Relative ratings of |ow,
noder ate, and hi gh were assigned to each geologic unit (Table
2). To insure regional validity for the erosion val ues,
geol ogi sts were asked to consi der erosion responses on
equi val ent sl opes, and to use their statew de know edge of
erosi on susceptible |ithol ogi es when draw ng conparisons for
their specific area of experti se.

The geol ogy data | ayer was digitized for generating the
digital material-strength field for erosion anal yses using a
vect or scan of scribed |linewrk of the 1:750,000 scal e geol ogic
map of the State of California (Jennings, 1977). Line editing
and pol ygon | abeling were perfornmed by USGS and DMG personnel at
the USGS Western Regional Center, Menlo Park, California.

Cor egi stered hydrol ogi c features (coastlines, |ake shorelines,
and river channels) were al so scanned to enabl e accurate

coregistration with the DEM

Precipitation
The precipitation data were manually digitized by DMG
personnel from 1:1, 000,000 scale blue line maps prepared for the

CDF (1984). Digitized precipitation maps include, 1) nean annual



precipitation (Rantz, 1969), 2) 12-hour intensity with a 50 year
recurrence probability, and 3) 2-hour intensity with a 50 year
recurrence probability. The |location of isohyetal lines is

hi ghly generalized: rainfall data in the study area were-
extrapol ated fromonly 150 rain gages -- about one for every
100, O0Csg-km I n addition, few of these gages are in nountai nous
areas, so orographic effects have been estimted usi ng nmanual
techni ques (U.S. National Wather Service, oral comrunication,
1993) .

Anal ysi s

To preserve the integrity of the DEM sl ope data, the
Lanbert Coni c Confornmable projection (119 central meridian) of
the DEM data was adopted as the map projection for this project.
The vector data | ayers (geol ogy, precipitation, and watershed
boundari es) were reprojected to this coordi nate system The
Lanbert Coni c Conformabl e projection approximates the Al bers
Equal Area projection and therefore is well suited for
applications of regional spatial analysis. The vector data
| ayers (geol ogy and precipitation) were rasterized to the |evel
of precision of the digital elevation raster |ayer (150 X 150m
pi xel s). To estimate the relative erosion potential of each
pi xel area, the raster data | ayers were added together within
each pixel area according to the ranking schenme sunmari zed in
Tabl es 2 and 3. Separate anal yses were cal cul ated for each of
the three maj or sl ope erosion categories - |andslides, debris
slide, and surface erosion. For each of these anal yses the pixel
val ues within each watershed were summed and averaged to
calculate a rating value for each watershed. The results of
these three erosion ratings were then added to estimate the
total erosion potential for each watershed (Table 4). The

hi ghest possible theoretical rating is 9 where 100% of the



wat er shed cont ai ns hi gh geol ogy, precipitation, and sl ope
rati ngs. The highest rated watershed in our analyses is 7, and
the average relative erosion rating is 4.

Systematic visual inspection of a digital overlay of
stream channel s, derived froma digital scan of hydrologic
features coregistered with the geol ogy scan and the 150 X 150m
pi xel DEM i ndicates that the general |ocational precision of
the various data layers falls within +300m or 2 DEM pi xel s
(+0. 6nm at 1: 500, 000 scal e).

MODEL OUTPUT

Sources of hillslope sedinent include | andslides, debris
slides, and surface erosion. Because the physical controls on
failure for these three potential source types differ, they were
nodel ed i ndependent|y.

Landsl i des

Landsl i des nodeled in this study include nmass failures
t hat have planes of failure that are relatively deep, generally
greater than 3m and have a fairly lowwi dth to depth ratio. The
types of failures included in the |andslide nodel are rotational
and translational |andslides (rock slunps, earth slunps, rock
bl ock slides, and earth bl ock slides) and earth fl ows (Varnes,
1978). Many scientists have attenpted to correl ate deep- seated
mass novenent with the anmount of precipitation; however, these
studies show that the relationship is conplex (lverson and
Maj or, 1987; Swanson and Swanston, 1977; Swanston, 1981;
Canpbel |, 1975). Although the conpl ex novenent of subsurface
water flow has thwarted attenpts to use rainfall as a systematic
predi ctor of |andslide novenent, nobst geonorphol ogi sts agree

that the occurrence of deep-seated hillslope failure is related



to seasonal precipitation (Brunsden, 1993; Jahns, 1969; Keefer
and Johnson, 1983; Swanson and Swanston, 1977; Swanston, 1981).

The regional nature of this study, conbined with the |ack
of enpirical relationships between rainfall and |andslide
novenent requires the use of a highly generalized rainfall
distribution to nodel spatial patterns of relative ground
saturation. Mean annual precipitation was chosen to provide a
pattern of general rainfall for estimation of relative |andslide
potential. Low, noderate, and high ratings have been assigned to
precipitation values to reflect resultant, and highly
generalized | andslide susceptibility categories (Table 3).

Li kewi se, the relationship between sl ope gradi ent and nass
wasting processes is highly generalized due to the conplexities
of geologic, climatic, and | and-use factors. For purposes of
this nodel, steeper slopes are assuned to have a greater driving
force with slopes from10%to 30% bei ng assi gned a | ow val ue,
30% to 50% noderate, and steeper than 50% as hi gh.

Geol ogic structure and lithology are significant factors
predi sposing certain terrane to nass novenent. This trend is
observed on geologic maps in California that show the majority
of mapped | andslides to be concentrated on a few geol ogi c units.
In some regions the overriding influence of |ithol ogy has
created the basis-of |landslide classification (Takada, 1964).
The area of highest |andslide propensity in the study area
occurs in the central and eastern belts of the Franciscan
Conpl ex. Here nel ange and highly sheared and faulted sedi nentary
and net anor phosed sedi nentary rock domi nate. The m neral ogic
conposition of the rocks causes themto be conducive to
weat hering and alteration to clay-rich material, becom ng
subj ect to extensive | andslide and earthfl ow novenent (Rel sey,
1977). In fact, landsliding may be the donm nant erosion process
in the northern Coast Ranges.



Debris Slides

Debris slides nodeled in this study include mass failures
that have surfaces of failure that are relatively shall ow,
generally fewer than 3m and have a fairly high width to depth
rati o. The types of failures included in the debris slide nodel
are rock, debris, earth falls and toples, debris slides, and
debris flows (Varnes, 1978). O her terns used include debris
torrents, nudflows, debris aval anches, soil flows, and soi
slips (Cannon and El | en, 1985; Canpbell, 1975; Keefer and
Johnson, 1983; Weczorek, 1987; Ellen and others, 1993; Caine,
1980; Wentworth, 1943). Debris slides commonly occur where thin
col luvi al deposits bl anket |ess perneabl e bedrock or soi
mat erial (O Loughlin, 1972; Swanston, 1974; O Loughlin and
Pearce, 1976; Ellen and others, 1993). Once saturated, these
deposits exceed the resisting forces and fail. Many studi es have
docunented the predictive relationship between rainfal
intensity and shall ow debris flows (Canpbell, 1975; Cannon and
El | en, 1985; Caine, 1980; Weczorek, 1987). These studi es note
t hat antecedent water storage followed by a high intensity storm
systematically triggers debris flows (Canon and Ellen, 1985).

Campbel | (1975) and W eczorek and Sarm ento (1983)
indicate that 10 to 15 inches of antecedent seasonal rainfall is
sufficient to set the stage for debris slides. Once field
capacity of the soil mantle has occurred, a high intensity storm
with extreme 1 to 24-hour precipitation can cause saturation and
failure (Figure 2). For a 12-hour duration storm a failure
t hreshol d has been shown to occur at a rainfall intensity of 0.2
to 0.4 inches/hour (Cannon and Ellen, 1985) and 0. 25 inches/ hour
(Campbel |, 1975; Caine, 1980). For this study rainfal
intensities below 0.2 inches/hour were considered to be | ow and

above 0.4 inches/hour were designated high. |sohyetal |ocations



were obtained froma rainfall intensity map of California with a
12-hour duration and 50-year recurrence probability (CDF, 1984).

Many researchers have attenpted to correlate debris slide
occurrence with hillslope gradient. Shall ow nass wasti ng
typically occurs on steeper slopes than do deep-seated slides,
with debris slides comonly occurring on slopes between 40% and
100% ( Canpbel |, 1975; Sidle and others 1985; Durgin and others,
1989; Corbett and Rice, 1966; Rice and Foggin, 1971; Kesseli,
1943; Johnson and Sitar, 1990).

In northern and central California, |ow cohesion materi al
formed from weat hered granite or sandstone bedrock shows the
hi ghest tendency for debris slide failure. In the Coast Ranges,
t he Redwood Creek and South Fork Mpuntain schists of the
Franci scan terrane are highly susceptible to debris slides; in
the Sierra Nevada and Klamath province, granitic plutons are
comonl y susceptible. However, mass wasting is linmted to areas
where hillslope detritus is avail able; steep slopes (over 100%
may be covered by little colluvium (Canpbell, 1975)

Sur face Erosion

In this study surface erosion includes sheetwash,
ravelling, rilling, and gullying. An undisturbed forest inits
natural pristine condition usually yields very little surface
runoff (Di ssneyer and Foster, 1980). The forest ground cover
(litter, logs, and rock) protects the soil fromraindrop inpact
and surface runoff, creating infiltration rates which usually
exceed rainfall intensity. However, |and use inpact resulting
from nmechani cal site disturbance, (including road building,
tractor yarding, site preparation, and fire) destroys vegetative
cover, locally conpacts the soil and exposes bare soil to the

erosive energy of rainfall and runoff.



A few attenpts have been nade to quantitatively node
approxi mati ons of surface erosion controlling factors in
forested regions (Di ssneyer and Foster, 1980; California Soi
Survey Committee, 1989). U S. Departnment of Agriculture (USDA)
(1978) identified six factors contributing to surface erosion in
agricultural fields. However, the enpirically derived
rel ati onshi ps known as the Universal Soil Loss Equation (USLE)
shows a poor correlation to sedinent yield on forested
hill sl opes (Dodge and others, 1976). Part of this disparity
results fromthe derivation of the USLE on gently sl oping,
finely textured agricultural fields, whereas forested | andscapes
are topographically, botanically, and lithol ogically diverse and
thus difficult to nodel over |arge areas.

Three factors were chosen to approxi mate regi onal
susceptibility of forested hillslopes to surface erosion: a 2-
hour high intensity rainfall stormwith a 50 year recurrence
probability slope, and lithol ogic potential for surface erosion.
Soil loss per unit area generally increases in proportion to a
power of hillslope gradient. In this study, surface erosion
potential was rated | ow on 10%to 30% sl opes, noderate on 30%to
50% sl opes, and high on greater than 50% sl opes.

Spati al Rel ati ons

Areas of steepest slope include the Kl amath physiographic
province and the deep canyons draining the west flank of the
Si erra Nevada.

Mean annual precipitation is highest in northwestern
California north of Eureka. Annual rainfall is noderate in the
Coast Ranges north of Santa Rosa, in the Sierra Nevada
Mountains, and in the Kl amath province. Two-hour and 12- hour
precipitation intensities show a generally simlar distribution

to nean annual precipitation wth particularly high intensity



rainfall over Arcata, Munt Shasta, and the Santa Cruz
Mount ai ns.

The general lithologic patterns in California roughly
coi ncide wth geonorphic provinces (Jenkins, 1938) and with
tectonostratigraphic terranes (Auboiun and others, 1980; Irw n,
1966) (Figure 5). These include 1) the coastal Franciscan
Conpl ex, conposed chiefly of Mesozoic and Cenozoic sedi nmentary
and net avol cani ¢ rocks which are highly sheared and deforned, 2)
the Klamath crystalline basenent conpl ex consisting of highly
nmet anor phosed Mesozoi ¢ and Pal eozoic rock intruded by Mesozoic
pl utons, 3) the Cascade and Modoc provinces conprised of late
Cenozoi ¢ and Quaternary vol canics, 4) and the Sierra Nevada
Mount ai ns cored by Mesozoic granite and granodiorite intruding
met anor phosed Mesozoi ¢ and Pal eozoi ¢ i gneous and sedi nentary

roof pendants of the foothill region.

Er osi on Pot enti al

Wat er shed erosion ratings are high where one data |ayer is
hi gh and two out of three are either high or noderate.
Therefore, although the Kl amath provi nce and the deep canyons of
the Sierra Nevada are lithologically resistant, high
precipitation and sl ope val ues give these areas hi gh erosion
ratings.

O course, estimtes of erosion potential generated for
each pi xel show greater geographic detail than estimates
aver aged over 20,000 hectare watersheds. This apparent detail,
however, is somewhat m sleading in that the detail ed breaks
bet ween data units cause sharp contrasts which are not
representative of actual field conditions. The generalized
nature of individual data | ayers, conbined with the uncertainty
of geonorphic response furthernore causes inprecision of erosion

val ues at specific locations. Only when erosion values are



averaged over drainage basins do they accurately reflect the

erosi on potential .

Landsl i de Potenti al

The area of highest |andslide potential exists in the
Coast Range province, specifically in the eastern and central
belts of the Franciscan terrane north of C ear Lake (Figures 5
and 6). Here, nelange, clay-rich soil, and noderately steep
sl opes conmbined with noderate to high precipitation (100 to
250cm yr) create unstable hillslopes. Landslide potential is
generally lowin the Sierra Nevada, with a few | andsli de-prone
wat er sheds on the nore clay-rich weathered net anor phosed
Mesozoi ¢ and Pal eozoi ¢ roof - pendant rock of the northern
foothill region. In the Klamath province, |andslide potential is
highly variable, ranging fromlow to high with the highest
potential occurring on the western side of the province where
serpentinized ultramafic rock, steep slopes, and high
precipitation create unstable hillslope conditions. Landslide
potential in the Mbdoc and Cascade provinces is low, with only a

few | ocalized problemsites.

Debris Slide Potenti al

Debris slide potential is nodeled as low to noderate in
t he Coast Ranges (low fromthe Santa Cruz Muntains to Santa
Rosa, and noderate north of Santa Rosa) (Figure 7). In the
Kl amat h province, debris slide potential is highly variable,
ranging fromlow to high in a scattered pattern, while in the
Cascade and Modoc pl ateaus debris slide potential is low In the
Si erra Nevada Mountains the potential is generally lowwth a

few scattered wat ersheds having a noderate potential.



Surface Erosion Potenti al
Surface erosion ratings are lowto noderate in the Coast
Ranges, |low to noderate in the Kl amath province, and low in the

Cascade, Mdoc Pl ateau, and Sierra Nevada Mountains (Figure 8).

Total Erosion Potenti al

Total erosion potential conbines |andslide, debris slide,
and surface erosion ratings within each watershed (Figure 9).
The geographic distribution of relative erosion susceptibility
shows a high potential in the northern coast ranges, noderate in
the Klamath province, noderate to lowin the Sierra Nevada
Mount ains, and low in the Cascade and Mddoc Pl at eau
physi ographi ¢ provinces. This pattern of general erosion
susceptibility is simlar to that of the nodel ed | andsli de

potential (Figure 6).

DI SCUSSI ON

How wel | these nodel ed wat ershed val ues represent actual
erosion potential is inportant if the watershed-rating naps are
to be used for planning purposes. By understanding the
limtations and uncertainties of the data used in this analysis,
a nore realistic use of the nodel can be facilitated. This w |
al so aid in evaluating the accuracy of the nodel.

Four Iimtations contribute to the uncertainty of this
anal ysis. First, geonorphic processes range widely, even in
sim | ar physiographic settings. In northern California, the
i nner-gorges of steeply sloping streans contribute significantly
to total sedinent yield within | ocal watersheds (De |a Fuente
and Haessig, in review). Here steep stream canyon walls are cut
into the toes of broad hillslopes. The underm ned col | uvi um at
the toe of the slope creates a continual cascade of weathered

hillslope material into the streans. The break in hillslope



gradient in these canyons suggests that the stream and hill sl ope
systens are not in equilibrium and that there has been a change
in the rate of stream degradation at sone point in the recent
past. This allows a reservoir of hillslope naterial to be
avai | abl e for erosion.

Sedi ment transport fromhillslopes to streans in nany
areas of the Sierra Nevada, however, operates quite differently.
Here stream gorges are often bedrock walled and little or no
colluviumis avail able for downsl ope transport. The process of
grussification of granitic rock requires noisture to be retained
at depth for prolonged periods of tine. On steep sl opes
weat hered material is rapidly renoved, and a sel f-enhancing
f eedback | oop occurs where bare rock does not retain noisture
| ong enough to formcrystalline detritus or gruss. Thus, in sone
of the deep, steep-sided gorges of the Sierra Nevada, little
col luvium exi sts and, unlike the Coast Ranges, little sedi nent
is available for streamtransport. Slope steepness, then, by
itself may not be a reliable indicator of erosion potential if
no colluvial material is available for erosion.

Second, many workers have attenpted to relate rates of
sedi ment transport to | andscape vari abl es, yet understandi ng the
rel ati onshi p bet ween geonorphic variables is inconplete. For
this analysis a sinple linear relationship between these
variabilities was used. In reality these relationships are
hi ghly conplex and involve the interactions of many vari abl es
not utilized in this analysis. Furthernore, the highly
general i zed nature of the input data, conmbined with the |ack of
enpirically derived rel ationshi ps between data sets, creates
| arge uncertainties in the accuracy of the nodel. To structure
the analysis in such a way as to assune preci sion between data
sets would be to misrepresent the |large uncertainties involved

in the data relationships. It is therefore appropriate, and has



been the consistent intent of this study, to keep all aspects of
the nodel as sinple as possible including the analysis, as it is
based largely on the qualitative observati ons of |andscape
processes

Third, despite the unlimted nunber of factors affecting
rates of hillslope erosion, this nodel uses only three factors:
sl ope, precipitation, and, lithology. Al though they are
generally the nost inportant under natural conditions, these
three factors account for only a part of the variability in
erosi on potenti al .

Fourth, the data input into this analysis is highly
general i zed. The geologic units used at the 1:750,000 scale are
amal gamati ons of several nmap units fromlarger scale maps. These
units, in turn, commonly include a variety of l|ithol ogic types.
The sl ope estimates are |ikew se inaccurate at |ess than a 300m
grid. Precipitation data is furthernore derived from one gagi ng
station every 100, O00sq-km

Devel opi ng ways to quantify, map, and integrate the
vari ables that influence rates of erosion is a major challenge
facing natural resource scientists. Al though this nodel of
relative erosion susceptibility is highly qualitative, it
attenpts to synthesize the physical attributes at a regional
scale in California. To appraise the reliability of the nodel
for identifying problemwatersheds, three sources of data are
exam ned: questionnaires inviting identification of known areas
of erosion, published informati on on specific watershed studies,
and suspended sedinent yield data from | arge drai nages.

Nat ural resource specialists working in tinber-harvest-
related activities were asked to identify watersheds that had
potentially high rates of erosion (Table 5). Agencies responding
to this questionnaire included the CDF, the RAM)CB, the State
Wat er Resources Control Board (SWRCB), DM5 and DFG N neteen



responses were received identifying 121 watersheds distri buted

t hroughout nost of the study area. To augnent these
observations, 32 studies of erosion in northern and centra
California were reviewed. These data are sunmari zed in Figure 10
and Tabl e 5.

The observed probl em wat ersheds generally correspond with
nodel ed wat er sheds havi ng noderate to high ratings. Furthernore,
t he probl em wat ersheds specifically correspond w th nodel ed
| andsl i de potential rather than debris slide or surface erosion
potential. In contrast, however, many of the erodi bl e watersheds
sel ected by nodeling are not recognized as susceptible to
accel erated erosion by field observations. Al so, about 20% of
t hose consi dered probl em watersheds are in areas of extrenely
| ow ratings based on the nodel. Several reasons could account
for this discrepancy. First, field observations may be
i nconpl ete or inconsistent. Second, |and use inpacts are not
part of the intrinsic erosion potential nodel but may well be
the primary factor creating observabl e erosion problens. Third,
addi tional inportant factors such as inner gorge devel opnent,
gl acial history, and topographic maturity could add accuracy and
detail to the resultant analysis.

Suspended sedi nent data support the general trends
observed between the geonorphic provinces found in the erosion
nodel . These data indicate that the Coast Range province in
northwestern California is the nost rapidly eroding area in the
conterm nous United States (Hol eman, 1968; Curtis and others,
1973). These especially high erosion rates have been attri buted
to the lithol ogically unstable Franciscan terrane, geologically
recent tectonism high and distinctly seasonal precipitation,
and maj or | and use disruption. In contrast, the crystalline rock
of the Klamath province is generally characterized by

substantially | ower nmean annual suspended sedi ment yields than



t he Coast Ranges (Jones and others, 1972; De |a Fuente and
Haessig, in review). However, in the Sierra Nevada Munt ai ns,
suspended sedinment yields are 30 tinmes | ower than averages from
wat er sheds in the Coast Ranges (Nolan and Hill, 1991).

ADDI TI ONAL WORK

Addi tional data | ayers could enhance the erodible
wat er shed i nventory nodel by including information on | and use
hi story, soil properties, transient snow zone boundari es,
geonorphic limts of inner gorge devel opnent, and areas of
Pl ei stocene gl aciation. The applicability of these data |ayers
is described bel ow

Land Use

Land use activities can result in substantial increases in
soil erosion. Clear cut tinmber harvesting and roadi ng resulted
in sedinent yields 17 times higher than those in conparable
unharvested basins in the Redwood Creek area of northwestern
California (Janda, 1978). Although activities that directly
i ncrease erosion rates have been substantially reduced by Forest
Practice Act regulations, the long termeffects of past
activities undoubtedly continue to influence sedi ment yields.

Digital |and use data have been devel oped for California
by the ERCS Data Center, National Mapping D vision, USGS and the
Uni versity of Nebraska, Lincoln, using Advanced Very Hi gh
Resol uti on Radionetry Imagery (AVHRP). O der |and use files have
al so been published by the ERCS Data Center as Land Use-Land
Cover maps. These files could be used to identify where tenporal

changes in |l and use activities have occurred.



Soil Properties

The availability of weathered material is a critical
conponent to erosion-potential mapping. The depth and grain size
distribution of the regolith, however can be difficult to
nmeasure and varies w dely even on honogeneous rock (Wahraftig,
1965). The USDA, Soil Conservation Service, has conpiled digital
coverage of soils for the state (STATSGD) . Although highly
generalized, it could be a useful data |ayer to suppl enent the
I'ithol ogic conponent. Delineation of |ow cohesion soils may be
useful for nodeling surface erosion and debris slide potential,
and hi gh cohesion soils may provide further accuracy for
nodel i ng | andslide potential. These nodels could then be
conpared to and adjusted to those defined by the geol ogi c data.
In addition, soil depth m ght be used for defining areas of

hill sl ope sedinent availability.

Tr ansi ent Snow Zone

Wthin a given drai nage basin, large stormevents can
mobi lize material equivalent to nmany tines the nmean annua
sedi ment yield (Janda and Nol an, 1979). In northern California,
extreme runoff events typically result fromhigh intensity
tropical storms nelting snow pack. It may be possible to
del i neate those areas where this phenonenon, known as the rain-
on-snow-zone, could inpact drainage basins. By using the
nmet hodol ogy devel oped by the State of Washi ngton (G een and
ot hers, 1993), a nodel coul d be devel oped that woul d define the
boundari es of those areas nost susceptible to rain-on-snow

events.

| nner Gorge

Steep inner gorges contribute significantly to total

sedinment yield in many streans (De |a Fuente and Haessig, in



review). Areas containing these |andformfeatures could be
outlined and added as another data factor.

Revi ew of published literature, interviews with geol ogists
and geonor phol ogi sts, aerial photographic interpretation, and
field mapping will be required to identify boundaries separating
regi ons where inner gorges are common fromthose areas where
they are rare. Because of the conplex nature of the tectonic
processes that result in rapid watercourse base |evel changes,

separating these areas will be tine consum ng and controversi al .

Pl ei st ocene d aci ati on

G aci al scour has renoved weat hered hill sl ope materi al
fromareas of high elevation in the Sierra Nevada, Kl amath, and
Cascade physi ographic provinces. Delineating areas of gl aciation
woul d further define watersheds with limted availability of

weat hered materi al

WAt er shed- Scal ed Anal ysi s
A d S-based nodel of erosion potential could be devel oped

for arelatively small watershed to attenpt to quantify erosion
controlling factors. Detail ed geonorphic mapping at a scal e of

1: 24,000 by DMGis in progress for three watersheds in northern
California. A geology and geonorphol ogy data | ayer conbined with
digital elevation data or a digital terrane nodel devel oped from
aerial photographs could be used in conjunction with sedi nent
yield data to define nore detailed algorithns for sedinent yield

nodel i ng.

Concl usi on

The understanding of the relationship between geonorphic
vari ables is conplex and inconplete. As research on sedi nent

yi el d, sedinent transport, and geonorphol ogy advances, the



understanding of the relative significance of individual factors
controlling erosion wll be inproved. The results of current and
future research, in conjunction with the suggested further work,
can be used to inprove the quality of the erodible watershed

i nventory nodel .
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